SUMMARY
peptides in the query are aligned with subject protein sequences by the Smith-Waterman algorithm, which is more sensitive than BLAST for short peptides (http://www.ebi.ac.uk/Tools/fasta33/index.html) (36). After sequence alignment, residues modified at the same position in both query and subject are identified as overlapped PTM sites. Otherwise, modified residues are considered unique to the query or subject. Overlapped and unique PTM sites are highlighted in vivid color on the aligned sequences, which can be downloaded.
2) PTMPathway is a tool to associate PTM proteins with KEGG pathways. The Perl positional distance tree, and a p-value P is calculated for each cluster to qualify whether PTM sites in the cluster are close enough in space than randomly distributed 9 was used to match MS/MS spectra against the International Protein Index (IPI) mouse database (version 3.22). All output results were merged by in-house software (BuildSummary) and the false discovery rate (FDR) was controlled to below 1%.
Finally 1152 phosphosites on 526 distinct phosphoproteins were determined (Supplementary Table 5 ). The spectra of phosphopeptides used for the case study were manually checked (Supplementary Methods).
RESULTS

Contents and Statistics
SysPTM is a systematic resource integrating a PTM database and four analysis tools.
The structure of SysPTM is depicted in Fig. 1A . The SysPTM database currently houses information relating to 117349 experimentally determined PTM sites, with nearly 50 modification types, on 33421 proteins. Most modification types are amino-acid-specific; different modification types may target the same amino acid ( Supplementary Fig. 3 ). The number of PTM sites collected in SysPTM for several common modification types, along with the number of correlated proteins, is shown in In addition to functioning alone, modifications can "crosstalk," working together to regulate biological functions (39). To investigate this phenomenon, the number of modification sites and types on all proteins was analyzed, with results shown in Fig. 1 C and D. Fifty-nine percent of proteins collected in SysPTM have more than one modification sites (Fig. 1C) , and 13% of proteins have more than one modification types (Fig. 1D) .
Moreover, abundant modification data and diverse functional annotations in SysPTM provide multi-faceted views of PTM-associated features. Supplementary 
Workflow and Case Study
Here we propose a workflow for analyzing an experimental PTM dataset with We next generated an overview of phosphorylation at the network level (see potential phosphoproteins (Fig. 4D) . These phosphorylated components may help researchers explore further the association between the FAK pathway and stem cells.
In addition to global analysis, SysPTM also is excellent for the analysis of an individual modified proteins. PTMCluster and PTMPhylog were used, respectively, to analyze PTM site clusters and evolutionary conservation of phosphosites on the potential stem cell marker α-catenin (CTNA1_MOUSE). PTMCluster found one PTM position cluster in α-catenin, shown in Fig. 4E . For phosphosite S641, PTMPhylog found the aligned sites were conserved across multiple orthologs and it could be phosphorylated in human (Fig. 4F) .
In short, the multi-level analysis run by SysPTM on an in-house proteomic phosphorylation dataset from mouse embryonic stem cells demonstrates that the roles of post-translational modification in a biological organism can be analyzed systematically by combining high-throughput experiments and powerful computational analysis.
DISCUSSION AND CONCLUSION
The progress of post-translational modification research has accelerated since the introduction of mass spectrometry as a primary technology in the field of proteomics. Data quality is critical for reliable utility of SysPTM. Currently we rely on a data quality check performed primarily on original data sources, as described in Methods,
Results and Supplemental Methods. In addition, we collect as much original identification information for each dataset as possible to record in SysPTM-B, including modification sites, peptide sequences, peptide scores, search engines, and mass spectrometry equipments. Experienced users can perform specific quality filtering by setting their own score thresholds. For each PTM site in SysPTM-B, the confidence also can be checked to some degree based on the number of papers listed that have identified this site. In the future, we plan to develop a statistical score function to integrate these naïve measures (e.g., modified peptide score, FDR cutoff, and count of publications) and assign a quality score for each PTM site to allow users a more ready quality check. On the other hand, when more and more proteomics datasets comprising raw mass spectra are stored in public databases like PRIDE (50), analogous to the storage of microarray data in GEO (51), a uniform algorithm for peptide identification (e.g., PeptideProphet) and PTM site localization (e.g., Ascore) may be applied or developed; a consistent quality check system for all PTM sites will then be available.
Rich data in SysPTM make it a good resource for examining general PTM features. Therefore, PTMPathway provides a very useful tool to extend our understanding of modifications to biological pathways at a systematic level.
As stated earlier, highly conserved protein residues tend to correlate with structural or functional importance, and multi-site modification has been reported to be a common regulation mechanism. To enable analysis of residue conservation tendency for all PTM types, the PTMPhylog tool was developed. PTMCluster is the first algorithm to search proteins for multi-site PTM position clusters. Almost 10000 clusters were found in protein sequences stored in SysPTM, suggesting a new method for studying co-regulation of multi-site modifications.
The overall process of using SysPTM was demonstrated through a case study. By analyzing an in-house phosphorylation dataset identified by MS/MS, we showed that, in SysPTM, a modificomics dataset can be mapped to other sequences, to biological pathways, and to existing networks for data overview; in addition, the conservation status and clustering status of individual residues of important modified proteins can be studied. In general, the roles of single-type and multi-type modifications can be investigated in a full biological context. This is the contribution of SysPTM to modificomics research. Thus, SysPTM may become an important aid to both experimental and computational post-translational modification researchers to enhance proteomics progress in this important and challenging field.
Future Development. Plans are underway to: 1) develop a statistical tool for scoring the confidence of MS/MS-identified modifications; 2) allow users to submit datasets via a temporary database and store them in SysPTM after manual check; and 3)
design an algorithm to predict modification sites. 
